2016 24th European Signal Processing Conference (EUSIPCO)

Sum Rate Maximization for Full Duplex
Wireless-Powered Communication Networks

Van-Dinh Nguyen, Hieu V. Nguyen, Gil-Mo Kang, Hyeon Min Kim, and Oh-Soon Shin*
School of Electronic Engineering, Soongsil University, Korea
*Corresponding author (E-mail: osshin@ssu.ac.kr)

Abstract—We consider a full duplex multiuser multiple-input
multiple-output system and study the sum rate maximization
in a wireless powered communication networks. We assume
that the users of uplink (UL) channel have no available power
supply and thus a harvest-then-transmit protocol is utilized.
Specifically, the base station (BS) first conveys simultaneously
the energy to all UL users via energy beamforming and also
transmit the information to all users in the downlink (DL)
channel via information beamforming. Then, the users in the UL
channel send their independent information to the BS using their
harvested energy in the second phase. Since the utility function of
the sum rate maximization is nonconvex, and thus, the optimal
solution is difficult to find in general. To solve this problem,
we propose an iterative algorithm to obtain suboptimal solution
based on semidefinite program in each iteration. Simulation
results demonstrate that the proposed design outperforms the
conventional design.

I. INTRODUCTION

Energy harvesting (EH) has received large attention due to
the capability of prolonging the lifetime of wireless networks
under energy constraints such as sensor node. Recently, the
harvested energy can be extracted from a radio-frequency (RF)
signal since the RF signal carries both the information and
energy. The authors in [1] have advocated the use of RF
signals to harvest energy along with the information transfer.
Therefore, EH technique has the potential to provide unlimited
energy while achieving self-sustaining green communications
[21-[4].

Moreover, the full duplex (FD) transmission has enormous
potential to improve the spectral efficiency of the half duplex
(HD) mode without requiring extra bandwidth or transmit
power. The major challenge in FD technique is the residual
self-interference (SI) from the transmit antennas to the receive
antennas at a base station (BS). Therefore it is important
that the residual SI is sufficiently canceled. A wide range of
residual SI mitigation measures was investigated in [5]. More
recently, the FD transmission has been studied in the context of
multiuser multiple-input multiple-output (MU-MIMO), where
the BS is employed to improve the total spectral efficiency of
downlink (DL) and uplink (UL) channels [6].

In this paper, we study the potential of the FD MU-MIMO
system with jointly designing of DL energy transfer and
UL information transmission in wireless-powered communi-
cation networks (WPCNs). Specifically, the BS first transmits
simultaneously information and energy to the DL and UL
users, respectively. We assume that the users in UL channel
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have no available power supply and thus a harvest-then-
transmit protocol is applied to harvest-and-store energy for
UL transmission. We are interested in the problem of join
beamformer design to maximize the total sum rate under the
sum power and UL rate constraints. Unfortunately, the problem
design is neither convex nor concave. As a result, the proposed
problem is an intractable fractional program, and thus, the
optimal solution is difficult to achieve in general. To solve this
problem, we first convert the original problem to an equivalent
and tractable form. Consequently, we propose an iterative
algorithm to efficiently solve approximate convex problems.
Numerical results show fast convergence of the proposed
algorithm and greatly improve the sytem performance over
conventional approaches.

Notation: Bold lower and upper case letters represent vec-
tors and matrices, respectively; X, X7, tr(X), and rank(X)
are the Hermitian transpose, normal transpose, trace, and rank
of X, respectively. || - || and |- | denote the Euclidean norm of
a matrix or vector and the absolute value of a complex scalar,
respectively. x ~ CA(n, Z) means that x is a random vector
following a complex circular Gaussian distribution with mean
7 and covariance matrix Z. The notation X > O represents a
positive semidefinite matrix X. HY denotes the set of N x N
complex Hermitian matrices. Vy f(x) represents the gradient
of f(-) with respect to vector x.

II. SYSTEM MODEL
A. Signal Model

We consider the FD MU-MIMO system with a BS sending
information to K users in the DL channel, and receiving
information from L users in the UL channel. The BS operates
in the full-duplex mode where it can transmit and receive at
the same time over the same frequency band as illustrated
in Fig. 1. It is assumed that BS is equipped with M receive
antennas and N transmit antennas, while all other nodes are
equipped with a single antenna. The sets of users in the DL
and UL channels are denoted by D £ {D;,D»,--- ,Dx} and
U % {U;,Uy,--- U}, respectively. In this paper we adopt
the “harvest-and-then-trasnmit” protocol proposed in [3] as
illustrated in Fig. 2, which is described as follows. During the
first fraction o' (0 < a < 1) of each transmission block time,
T, the BS transfers energy to all Uy’s and information to all
Dy.’s simultaneously, while in the remaining (1 — )T fraction
of the transmission block time, all U,’s use their independent
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Fig. 1. A WPCN with wireless energy transfer in the downlink channel and
wireless information transfer in both uplink and downlink channels.
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DL information transfer: BS — Dy DL information transfer: BS — Dy

DL energy transfer: BS — U, UL information transfer: U, — BS

Fig. 2.
[3].

The harvest-and-then-transmit protocol for the uplink transmission

harvested energy from the DL to transmit their independent
information to the BS via the UL transmission.

The BS operates in FD mode at the same time as shown in
phase II in Fig. 1, which creates a residual SI channel between
N transmit antennas and M receive antennas and a co-channel
interference caused by users in the UL to those in the DL.
The residual SI channel can be denoted as /pG)| € CN*M|
where G is a fading loop channel and 0 < p <1 is used for
modeling the effect of passive SI suppression [5]. Furthermore,
the UL channel also creates a co-channel interference (CCI) to
the DL channel. The CCI from user U, to user Dy, is denoted
as gek-

In this paper we propose a cooperation between the DL
and UL transmissions which is described as follows. The BS
is allowed to transmit with total number of antennas (M + N)
in DL channel, and in return, the BS helps to transfer energy
to all U, € U in the first phase. This purpose creates two
additional benefits: more degrees of freedom are added to the
BS in DL channel and all U;’s can harvest more energy from
the RF signal of DL transmission in return. The baseband
transmit signal at the BS in phase I is then expressed as

K
X = Zkﬂ W1 kTk + Ve (1

where wy j, € CINFM)X1 denotes the k-th information beam,
zr ~ CN(0,1) is its information-carrying signal transmitted
to user Dy € D, and v, € CN+M)X1 denotes the energy
beam transferred to all users in set /. We further assume that
the energy beam v, whose elements are zero-mean complex
Gaussian random variables with covariance matrix V, i.e.,

Ve ~ CN(0,V), where V. € HV+M) and V = 0. The
received signal in the DL at Dy, and Uy is, respectively, written
as

H ZK H H
YD, = thwl,kxk + =1tk thwl,i:L'i + thVe + np,

K
Yu, = Zk:l gL Wi kT + g, Ve + 1y, 2)

where hp, € CWHM)x1 and g, € CN+M)*1 are the
channel vector from the BS to user Dy and Uy, respectively,
which are given by

hp, = [hp, 1,

hp

 ho N A (N+1) s oy (vaan] T

k

gU, = [9Ui1s " GULN S GUp (N+1)s " " agUg,(NJr]\/I)]T- 3)

gu,
np, ~ CN(0,0%) and ny, ~ CN(0,0?) are the additive
white Gaussian noise (AWGN). Due to the broadcast nature

of wireless channels, the harvested energy at user U, can be
formulated as

K
Ey, = naTE[yy,] = UQT(Z |gUHzW1,k|2 + gUHeVgUz)(“')
k=1
where 7 denotes the energy conversion efficiency at the
receiver, and the receiver noise can be negligible compared
to energy transfer from the BS in practice. Then, the average
transmit power available for U, in the UL channel (Phase II)
of information transmission is given by

eh _ N ( K @ n
SC F) Zk:l 180, Wik

From (2), the signal-to-interference-plus-noise ratios (SINR)
of for decoding xj, signal at Dy in phase I is expressed as

gl Veu). ©)

Ihf w1 k|?

(6)

Y1,k = i .

i1,z D5, W12 +hf Vhp, + 07

In the phase II, each U, uses its harvested energy from the

first phase to transmit information to the BS, as illustrated in

Fig. 2. The received signal in the DL at Dy, and in the UL at
the BS is, respectively, written as

K L
- FH FH
b, = hp, Wa pxp + E hp, w2 + E V/Py9erve + np,
i=1,itk =1

L K
yu= 24:1 Vphu,ve + \/ﬁzkzl G{'warzr+ny  (7)

where hp, € CN*! and wa i, € CV*1 are the channel vector
and information beam for user Dy, in the phase II, respectively,
pe € C, hy, € CM*1 and v, ~ CN(0,1) are the transmit
power, the channel vector, and the transmitted information of
user Uy, respectively, ny denotes the receiver AWGN at the
BS and it is assumed to be ny ~ CN(0,57I). For a channel
remain constant during a transmission block time, we assume
that hp, corresponds to first N elements of hp, in (3). In
addition, we assume that the UL and DL channels hold via

799



2016 24th European Signal Processing Conference (EUSIPCO)

reciprocity, which means that hy, = gy,, V¢, where gy, is
defined in (3). The SINR at Dy, in the phase II can be expressed
as

y b5, wa.il (8)
2k = =K = )
D im1 ik B, W22 + 24:1 pelgex|® + o7

For simplicity, we adopt the minimum mean square error and
successive interference cancellation (MMSE-SIC) decoder at
the BS to maximize the received SINR of U,. As a result,
assume that the decoding order is from U; to Uy, the SINR
for decoding U,’s information is expressed as [8]

= psh{ Q; 'hy, ©)

where p £ [p1,p2, -+ ,pr]t and Q, = Zﬁﬂpjhujhﬂi +
p Z,i(:l Gf{wQ,kwng| +621. Assuming perfect CSI at both
transmitter and receiver sides, the achieved sum rate (SR) of
DL transmission is

K
Rp —az log(1+m) + (1704)2&:

Similarly, the achieved SR of UL transmission is

Ry=(1-0) ijl

B. Problem Formulation

log(1 4 7v2,%)-
(10)

log(1 + 7e). (11)

The problem of the joint design of p, w;, wo, V, and «
is generally expressed as

maximize Rp + Ry (12a)
PAwir}{w2 s}, V,a
s.t. Ry, > Ry, ¥4 =1,--- L (12b)
0<p<pd, V=1, L (12¢)
[w1l|? + [[wzl|* + tr(V) < Pas (12d)
0<a<l,V>0 (12e)

where Ry, = (1 — a)log(1 + 7¢) and Pgs is the maximum
transmit power at the BS. We observe that the maximization
of the objective value in (12) is mainly contributed by Rp
since it has available power supply. This means that the rate
allocation would be unfair and the UL users may receive a low
rate. To avoid such a case, the constraints in (12b) impose a
QoS requirement on the UL user Uy, i.e., the data rate of each
user should be larger than a given threshold Ry.

III. OPTIMAL SOLUTION

In this section, we propose an iterative algorithm based on
semi-definite relaxation (SDP). To facilitate SDP relaxation,
we define Wy, = wl,kwfk and Wy = W2,kW5{k for all
k, and rewrite problem (12) in terms of Wy ;, and Wy ;, as

. . 1

P, o+ T .

s. t. RUy >Ru, 621 L (13b)
0<p <pil, V=1, ,L (13¢c)

K
> (W) + 62(Wa)) + (V) < Pas (13d)
0<a<1;V=0,W;;, Wy, =0,k (13e)
rank(Wy i) = 1, rank(Wq ;) = 1, Vk (130)

where Wi = {W; 1}, Wy = {Wy;}. It should be noted
that Rp and Ry are neither concave nor convex with p, and
({W1,k}, {W2}), respectively. Consequently, problem (13)
is a nonconvex program even dropping the constraint (13f),
which is generally difficult to solve. For a tractable problem,
we propose a joint design to solve the problem (13) locally.
We note that the relaxed problem of (13) is concave in «
and then can be solved by a simple one dimensional search.
Thus, in the rest of this paper, we focus on solving (13) with a
given value a. To start with, the relaxed problem of (13) (by
dropping the rank constraints) is reformulated by following
monotonicity of logarithmic function as

K

(T4 vy6)+
k=1

K L
(1-a) H +y2.) [T (1 +70) (142)
= =1

maximize «
P,W1, W3,V

s.t. (14 7,) =) ZeRU, Ve=1,---,L (14b)
(13¢), (13d), (13e). (14¢)
By introducing new optimization variables z; = {z14},

zo = {2k}, v = {ve}, ¢ = {¢¢}, and w = {w,}, we can
equivalently rewrite (14) as

K K L
zkt+ (=) [] zex [[ve (159)
(=1

k=1 k=1

maximize «
P, W1, W3, ,V,
z1,22,V,p,w

s.t.14+vi k> 215, VK (15b)
T+vyok > 22k, Vk (15¢0)
1+w > v, VU (15d)
P > ¢y, VU (15¢)
vp > wy, VI (15%)
we > e/ gy > py (152)
zi 2> 1,20 > 1,Vk; vg > 1,V (15h)
(13d), (13e). (15i)

The main challenging of solving (15) is due to nonconvex con-
straints (15b), (15c), and (15d). To overcome these problems,
let us tackle the non-convex constraint (15b) first. Without loss
of generality, we can rewrite (15b) as [9]

K
2h

K . Y ,
Zi:l ik hp, Wi ;hp, + hp, Vhp, + 0j; < 71 4.(16b)

B Wi ;hp, +hf Vhp, + 07 > 21,711 (162)

where 71 j, is additional optimization variable to deal with the
interference at the user Dy in phase I. Since the constraint
(16b) is a convex one, we now only deal with the constraint
(16a). By utilizing the results in [9], [11], we have the
following inequality

n 1 1 .
fi(z1,m1E) < F1(21,k,7'1,k,ﬁ§713) £ o) A+ §6§,1€)7—12,k
28,
(17
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where Ylk) is a given positive constant. Since
Fi(z1.k, T1,ks Bf"k)) is a convex function in 27 and 7 , and
is an upper bound of fi(z1,71,), we recall the following
property of the approximation shown in (17). The equality

of (17) is obtained by setting ﬁﬁg = z1 /71, and then

Vema 1k Tie) = Ve om o F1(200 Tk, (le)).

Letting fo(22,%, T2.k) £ Zo, kT2, With 72 5 being additional
optimization variable to deal with the interference at the user
Dy in phase II. Similarly, we can approximate the constraint
1+, > 22 in (15¢) for a given ﬁénk) >0 as

Zhosz ihp, + Zpe|gzk| + o}
=1

(m)y & 1 (n) 2

2,k 2B(n) 2k+ ﬂQk 75,5, (182)

> Fo(22.k, T2, ks

K
> b, Wyhp, + Zpdgm? +0} < 7o (18b)
i=1,i%k =1
Next, we now focus on treating the constraint (15d). By
introducing an auxiliary variable 6,, we can rewrite (15d) into
the equivalent form as

—07h{ Q; "Thy,< 1 -, (19a)
pe > 0;. (19b)

We note that h(0, p, {W2x}) = 07h{ Q; 'hy, is convex
with respect to (6, p, {W2i}), Wthh can be justified by
using Schur complement in [12]. Let 6™ p(™), and {Wgnk)}
denote the value of 6,,p, and {Wy;} at iteration n-th, re-
spectively. For a nondecreasing objective function, the consid-
eration of upper bound of the left hand side in (19a) is needed.
To doing so, we decompose the first order ag)prommatlon of
~h(0¢,p, {W2,.}) around (6", p™) {W{%})

~h(0e, P, AW 2, }) < H(0e, p, {Wa i}, 00", p™ {W)}) =
—(n(Of™, P AWEDY) + 200 R (QF")  hu, (0 — 6"

—ur[(0")2(Q") b (@) (@ - QfV)]). 0)

By replacing (15b), (15¢), and (15d) with (16), (18), and (19),
respectively, the approximate convex problem at (n + 1)-th
iteration of the proposed design is reformulated as the SDP,
which is given at the top of the next page, where 71 = {7y 1},
Ty = {72}, and @ = {6,}. To arrive at a second-order
cone (SOC) program, we rewrite the constraints (21b)-(21f)
to as an SOC constrains. The proposed iterative algorithm
is summarized in Algorithm 1, where the optimal solutions
at each iteration can be found efficiently by using numerical
solver such as SeDuMi [7].

Since the objective value of (21) is increased after each
iteration but upper bounded due to the power constraint (13d),
the proposed algorithm is then guaranteed to convergence
to an optimum locally. Note that the proposed design does
not guarantee rank one solutions to satisfy (13f). Thus, (21)
generally provides suboptimal solutions for (12). Nevertheless,

Algorithm 1 The proposed numerical algorithm

Initinalization: p(® = 1;0(0> 1;6&2 = 1, 6;?,2 =
LW = 1Vk; noo= 1.

I: repeat

2: Solve (21) to obtain the optimal solutions
p*,WT,WS,V*,ZT,ZQ, o w' T T 2)

3 Update: p™ := p*, 6 = 0, " = Wz,

(n) . _x * (n) . _x
1,k = Zl,k/Tl,k’ and 52,k = Zz,k/72,k~

4 Setn:=n+1
5: until Convergence

50

Total sum rate of the system (bps/Hz)

2 3 4 5 6 7 8 9
Iteration index

Fig. 3. Convergence behavior of Algorithm 1 with different number of
antennas at the BS over one channel realization (K = L = 3, Pgs = 20 dB,
p=04,aa =04,n7=0.5, Ry = 1 bps/Hz).

we can show the optimal solutions for (21) must be rank one
by constructing an equivalent problem, which follows the same
steps in [13, Proposition 4.1].

IV. NUMERICAL RESULTS

In this section, we provide the numerical results to evaluate
the performance of the proposed approach. All channel entries
are generated as i.i.d. complex Gaussian random variables with
CN(0,1) and the background thermal noise at each receiver
is assumed to be as CA/(0,1). All other parameters are given
in the caption. For a comparison purpose, we compare the
performance of our design with FD MU-MIMO conventional
scheme, where the BS uses separate IV transmit and M receive
antennas in the first phase. In addition, we also compare with
HD system where the BS uses all the antennas, i.e., M + N
for communication.

Fig. 3 shows the convergence behavior of the Algorithm 1.
In particular, we plot the convergence rate as a function of the
number of antennas at the secondary BS. As can be observed
from this figure that the proposed algorithm converges to
the optimal solution within several iterations even increasing
number of antennas at the BS.

In Fig. 4, we compare the total SR of the proposed design
with the conventional approaches. As can be seen from Fig. 4,
in the high sum power regime, the total SR of the FD designs is
significantly improved, compared to the HD mode. However,
the total SR of the FD designs is lower than the one in the
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K K L
prslvz})%glbzzel o H 210+ (1 — @) H 2ok H vp (21a)
z2,v,¢,w,71,72,0 k=1 k=1 /=1
(n) K
1 T 1/2
s. t. H[izl,k 12’k Tl,k:| H < [hgk(ZWLH—V)th —‘rUz] ,Vk (21b)
2[3&2 2 i=1
roo1 us CH © = 2 212
o L < [ DSB8 Washo, + 3 pelgal® + 03] vk @lo)
BQ,k i=1 =1
/B, Wiibo, -/l Wy iho, (/b Wb, - /b, Wi icho, /bl Vo,
T
0.5(1 s — 02 — 1)} H <05(rp—o2+1),Vk  (21d)
2
/B Waho, -+ /B Wa i iho, /B Wasiiho, /B W cho,
T
Vool Vprlgoe? 0.5(r2 8 — of — 1)] H2§ 0.5(rax —op +1),Vk  (21e)
16¢ 0.5(p¢ — 1)[|2 < 0.5(pe + 1), V4 (21f)
H(0e, p, W2}, 00", p™ {W)}) <1 — v, V1 2lg)
(15¢), (156), (15g), (15h), (13d), (13¢). (21h)

[0}
(=}

W = g
o O o o O
T T T T T

Do
=]
.

—8— The proposed design
—©— The FD conventional design
—a— HD

10

5 10 15 20 25 30 35 40
Transmit power at the BS, Pgs [dB]

Total sum rate of the system (bps/Hz)

Fig. 4. The total sum rate of the system versus the transmit power at the
BS(K=L=3N=M=25, p=0.5,7=0.5, Ry = 1 bps/Hz).

low sum power regime due to the rate constrain in (12b).
Interestingly, the total SR of proposed design in this paper
is higher than that of the FD conventional design.

V. CONCLUSION

In this paper, a FD MU-MIMO in WPCN has been studied
where the users in the UL channel are designed to harvest
energy from the BS before transmitting their information. We
develop an iterative algorithm which jointly designs harvested
energy and power control to maximize the sum rate of the
system using the approximate convex method. Numerical
results show the superior convergence rate and demonstrate
the great improvement of performance compared to the known
solutions.
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